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Introduction

Myelin is a concentrically laminated membranous structure 
consisting of alternating protein and lipid layers, and 
contains approximately 20% protein and 80% lipid (1).  
It is formed by two different types of support cells, 
oligodendrocytes in the central nervous system (CNS) and 
Schwann cells in the peripheral nervous system (PNS). 
Myelin is a major component of the CNS and PNS, and 
accounts for about 14% of the wet mass and 50% of the dry 
mass of the white matter of the brain (1). It is present in the 
form of a sheath surrounding the axons of some neurons, 
and insulates axons from electrically charged ions and 
molecules. It helps increase nerve conduction velocity. Loss 
of myelin is the hallmark of numerous inflammatory and 
neurodegenerative disorders, including multiple sclerosis 
(MS) and other demyelinating diseases such as optic 
neuritis, neuromyelitis optica, transverse myelitis, and acute 
disseminated encephalomyelitis (1).

Magnetic resonance imaging (MRI) is the current gold 
standard imaging modality for diagnosis of disease of the 
brain (2-10). Conventional clinical MRI sequences are very 
sensitive to the presence of white matter disease including 
MS. Clinical T1- and T2-weighted fast spin echo (FSE) 
imaging (2), gadolinium enhancement (3), diffusion tensor 
imaging (DTI) (4), and Magnetization Transfer (MT) (5), 
all show high sensitivity for abnormalities in patients with 

MS. However, conventional clinical MRI only correlates 
modestly with disability assessed by the expanded disability 
status scale (EDSS) (6), also T2-hyperintense lesion load in 
MS is poorly correlated with disability (r=0.2–0.5) in cross-
sectional studies (7-11). Contrast-enhanced lesions are 
only moderately correlated with disability in the first six 
months, and are not predictive of changes in the EDSS in 
the subsequent 12 or 24 months (12). A recent large scale 
multicenter study reported a poor correlation between 
EDSS and normalized brain volume (r=−0.18), cross section 
area (r=−0.26), MT ratio (MTR) of whole brain tissue 
(r=−0.16) and MTR of gray matter (GM) (r=−0.17), and 
no significant correlation between other MR metrics and 
patients EDSS scores (13).

It is commonly accepted that conventional clinical 
MRI sequences lack specificity for evaluation of the 
heterogeneous pathologic substrates of MS as well as 
the ability to provide accurate estimates of damage in 
areas of the brain apart from focal lesions (6). Most 
conventional clinical MRI sequences cannot distinguish the 
different cardinal pathological substrates of MS, namely 
demyelination, remyelination, inflammation, edema, axonal 
loss and gliosis (14-16). The inability of conventional MRI 
sequences to distinguish demyelination and remyelination 
may be a major factor accounting for the poor correlation 
between regular MRI metrics and disability.
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Direct assessment of the integrity of myelin in the CNS 
and PNS may be important for the diagnosis and assessment 
of prognosis in many demyelinating diseases such as MS. 
However, the protons in myelin have extremely short T2s 
(less than 1 ms) (17), and cannot be directly imaged with 
conventional clinical MRI sequences which have TEs of 
several milliseconds or longer. As a result, conventional 
clinical sequences only provide an indirect assessment of 
myelin. Myelin specific information, such as its T1 and 
T2* as well as its proton density are not widely known. 
Ultrashort echo time (UTE) sequences with minimum 
nominal TEs of 8–100 µs, which are ~100 times shorter than 
the TEs of conventional clinical sequences, make it possible 
to directly detect signal from myelin using whole body 
clinical MRI scanners (18-28). Herein we review recent 
technical developments in UTE imaging of myelin ex vivo  
and in vivo. Challenges associated with morphological and 
quantitative myelin imaging are also discussed.

Contrast mechanisms

The basic 2D UTE sequence employs a half pulse or short 
rectangular pulse for signal excitation, followed by radial 
mapping of k-space from the center out. Two excitations 
are performed with the gradient polarity reversed on 
the second occasion. The data from these excitations are 
added to produce a single radial line of k-space. Raw data 
is reconstructed after re-gridding using inverse Fourier 
transformation. As myelin represents a small fraction of the 
total signal from the brain, the dominant signal is from long 
T2 white matter (WML) and long T2 gray matter (GML). 
It is essential to suppress those signals in order to generate 
high contrast specific images of myelin. 

Adiabatic inversion recovery prepared dual echo 
UTE (IR-UTE) sequences have been used for selective 
myelin imaging. With this approach, a relatively long 
(e.g., duration =8.64 ms) adiabatic fast passage (Silver-
Hoult) inversion pulse is used to invert the longitudinal 
magnetization of WML and GML (18). The longitudinal 
magnetization of myelin with its extremely short T2* (MS) 
is saturated due to fast transverse relaxation during the 
long adiabatic inversion process (29). UTE data acquisition 
starts at the inversion time (TI) necessary for the inverted 
longitudinal magnetization of WML to reach its null point, 
leaving signals from myelin and some long T2 tissues (e.g., 
GML) to be detected by a dual echo initial UTE, and later 
gradient echo data acquisition. The second echo acquires 
signals from the non-nulled long T2 tissues such as GML. 

The second echo image shows zero or near zero signal from 
myelin. Subtraction of the second echo image from the first 
one provides selective imaging of myelin in white matter. 
Figure 1 describes the contrast mechanism. Note that on 
the subtracted image myelin in white matter has a positive 
signal while ultrashort T2 components in gray matter have a 
negative signal. 

The same contrast mechanisms can be directly used 
in 3D UTE imaging. More recently, a 3D UTE Cones 
sequence together with adiabatic inversion recovery 
preparation (3D IR-UTE-Cones) has been implemented 
for fast volumetric imaging of short T2 species such as 
cortical bone (30). In this sequence, a short rectangular 
pulse is used for excitation followed by a cones trajectory 
with a minimal nominal TE of 32 µs (a minimal TE of 8 
µs can be achieved with the use of a fast transmit/receive 
switch). The 3D k-space is divided into multiple cones, 
with twisted radial trajectories along each cone. The 3D 
Cones sequences minimize the problem with eddy currents 
associated with 2D UTE sequences. Furthermore, the 3D 
Cones sequence allows use of anisotropic field of view (FOV) 
and spatial resolution, which can greatly reduce the total 
scan time (30). Volumetric imaging of ultrashort T2 species 
can be achieved in a few minutes with the 3D IR-UTE-
Cones sequence (31).

Validation with myelin phantom studies

The capability of UTE MRI for direct imaging of myelin 
has been demonstrated in a series of myelin phantom studies. 
Figure 2 shows UTE imaging of a 90% purified lyophilized 
bovine myelin extract powder (type 1 bovine brain lipid 
extract, Sigma-Aldrich B1502, St. Louis, MO, USA) and a 
mixture of it with 99.9% D2O (Sigma-Aldrich) in the form 
of a paste. The T2* of myelin powder was slightly longer 
than that of the myelin-D2O paste probably because of the 
greater susceptibility of myelin in powder form.

The myelin lipid powder was resuspended in D2O 
at concentrations of 6%, 9%, 12%, 18%, and 24% w/v  
to approximate the physiological range of myelin 
concentrations in white matter. The samples were loaded 
into small syringes along with a D2O-only control (0% 
myelin) prior to imaging. After normalization relative to a 
homogeneous myelin free D2O phantom, the normalized 
UTE signal intensity showed a highly linear increase with 
myelin concentration (R2 of 99%) as seen in Figure 3 (31). 
This high linearity is very similar to the result obtained 
by Siefert et al. using a 9.4T spectrometer, with ZTE 
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Figure 2 UTE imaging of bovine myelin lipid powder with TEs of 8 µs (A), 0.2 (B), 0.4 (C), 0.6 (D), 0.8 (E) and 1.2 ms (F). The powder 
shows excellent single-component signal decay with an ultrashort T2* of 152±4 µs (G). Similar behavior with a T2* of 242±13 µs was 
demonstrated for the bovine myelin lipid-D2O paste (H). Adapted from (23), with permission.
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Figure 1 Contrast mechanism of myelin imaging using IR-UTE sequences. (A) Illustration of the contrast mechanisms in imaging 
ultrashort T2 components (such as myelin) in white matter (WMS) using a IR-UTE sequence with an inversion time (TI) set for nulling of 
signals from the long T2 components in white matter (WML). The long T2 components in gray matter (GML) have negative longitudinal 
magnetization at the time of the initial free induction decay (FID) data acquisition because GML has a longer T1 than WML. Myelin has 
an extremely short T2 (T2 <1 ms), which is far shorter than the duration of the adiabatic inversion pulse (duration =8.64 ms), and so its 
longitudinal magnetization is saturated by the long adiabatic IR pulse. It subsequently recovers relatively quickly because its T1 is shorter 
than those of WML and GML. As a result at the null point, the white matter signal only comes from WMS. However, gray matter is more 
complicated: there is a cancellation between positive longitudinal magnetization from ultrashort T2 components (e.g., myelin) in gray matter 
(GMS) and negative longitudinal magnetization from GML producing a net reduction in transverse magnetization at the FID after the 
excitation pulse. At the 2nd echo (e.g., TE ~2 ms), the myelin signal in gray matter decays to zero or near zero, while the signal from GML 
decays much less due to its longer T2*, so the net signal of the transverse magnetization is greater at the 2nd echo than at the initial one. As 
a result, GM has a higher signal at the 2nd echo than at the 1st echo or FID (B). Subtraction of the 2nd echo from the 1st one (both magnitude 
reconstructed) leads to a positive signal for myelin in white matter, but a negative signal for ultrashort T2 components (including myelin) in 
gray matter, which creates very high myelin contrast. 
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signal detection. In their studies signal amplitudes were 
linearly correlated with myelin concentration with an R2 of 
0.98–0.99 (32), demonstrating the detectability of myelin 
and the potential for in vivo myelin imaging on clinical MR 
scanners. In our study, a single-component relaxation curve 
was found at each myelin concentration (6–24%), with 
fitted T2* values of ~0.3 ms. 

Myelin powder in D2O or H2O may not have myelin’s 
typical physiological bilayer structure. Myelin isolated 
from porcine white matter by mechanical homogenization 
was therefore studied to assess myelin with its membrane 
architecture preserved. Myelin vesicles obtained in this 
way were purified using discontinuous sucrose gradient 
ultracentrifugation (33). After thoroughly washing out 
residual sucrose, the myelin vesicles were resuspended twice 
in deuterated tris-Cl buffer to remove residual H2O. UTE 
images showed high signal from the intact myelin vesicles. 
These had a short T1 of 367±4 ms and an ultrashort T2* of 
225±7 µs (Figure 4). This result showed that intact myelin 
vesicles can be directly imaged and quantified with 3D 
UTE sequences using a clinical 3T scanner. 

Validation with brain specimen studies

MS brain specimens have been imaged with both IR-
UTE and conventional clinical MRI sequences, and then 
subjected to histopathologic analysis. Figure 5 shows 
representative clinical and IR-UTE images of the brain 
from a 28-year-old female donor with confirmed MS (23). 

Areas of normal appearing white matter (NAWM) appear 
high signal on the IR-UTE subtracted images, and areas 
of abnormality appear low signal. Some lesions seen on the 
IR-UTE images correspond to T2 hyperintense areas on 
conventional T2-weighted images and hypointense areas on 
T2-FLAIR images, but the abnormalities seen on the IR-
UTE images extended into the adjacent areas of NAWM 
seen with the conventional images. The IR-UTE sequence 
showed areas of abnormality in locations that appeared 
normal with conventional T2-weighted and T2-FLAIR 
images.

Comparison of typical clinical sequences and an IR-
UTE-Cones sequence in the ex vivo MS brain study is 
shown in Figure 6 (31). The bright signals in IR-UTE-
Cones images have T2*s around 0.20±0.04 ms, which is close 
to the T2* of myelin-D2O phantom shown in Figures 2,4,  
consistent with myelin protons as the signal source. MS 
lesions identified in the clinical images show myelin signal 
loss in corresponding regions in the IR-UTE-Cones 
images. Representative lesions were subsequently confirmed 
as demyelinated on histology (Figure 6B).

Wilhelm et al. implemented a similar technique on a 
Bruker 9.4 T scanner (20). They investigated IR-UTE 
imaging and NMR spectroscopy of fresh rat spinal cord 
before and after D2O exchange. Figure 7 shows some of 
their results at 9.4T. A major problem with their study is 
that IR-UTE images were acquired at a TI empirically 
selected to null long T2 white matter signal. At TE2  
=1,200 µs (Figure 7B), the WM signal should be zero, or 
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Figure 3 Correlation between UTE signals and myelin concentrations. (A) 3D-UTE-Cones imaging of myelin phantoms with myelin 
concentrations ranging from 0–24%. (B) Linear regression analysis shows a high correlation between myelin concentration and 
3D-UTECones signals (R2 =0.99) (B), demonstrating that the 3D-UTE-Cones sequence can directly detect and quantify myelin protons. 
Adapted from (31), with permission.
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Figure 4 Quantitative T2* and T1 measurement of the myelin vesicle phantom.(A) 3D UTE imaging of intact myelin vesicles with TEs of 0.03 
(A), 0.1 (B), 0.2 (C), 0.4 (D), and 0.8 ms (E), and TRs of 10 (F), 20 (G), 30 (H), 50 (I) and 200 ms (J). The corresponding T2* and T1 fitting 
show a T2* of 225±7 µs (K) and a T1 of 367±4 ms (L). From (34), with permission.
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Figure 5 Clinical PD-FSE (A), T2-FSE (B) and MP-RAGE (C) imaging as well as IR-UTE (D) imaging of a brain specimen from a 28 year 
old female donor with confirmed MS. MS lesions are hyperintense (thin arrows, A, B) on the PD-FSE and T2-FSE images, and hypointense 
(thin arrows, C) on the MP-RAGE image, and show signal loss on the IR-UTE image (thin arrows, D). Complete myelin loss is obvious in 
regions indicated by the thin arrows. Partial loss of signal is seen in the IR-UTE image (thick arrow, D) where the PD-FSE, T2-FSE and 
MP-RAGE images appear normal (thick arrows, A-C). Adapted from (23), with permission.
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Figure 6 Representative ex vivo MS brain images (45-year-old male donor) with a high disease burden using clinical T1-weighted MP-RAGE, 
T2-weighted FSE, and 3D IR-UTE-Cones (A). Arrows point to MS lesions on all three images. The 3D IR-UTE-Cones sequence shows signal 
loss in MS lesions. Representative histology of sample MS lesions using Luxol Fast Blue as a myelin stain, counterstained with neutral red is 
shown in (B). Regions of NAWM (top), lesion edge (middle), and central lesion (bottom) demonstrate specific loss of myelin staining in the MS 
lesions. The three red triangular arrowheads in (A) show the locations of the histological samples. Adapted from (31), with permission.

Figure 7 3D de-IR-UTE images from rat thoracic spinal cord (SC) averaged over five central slices. Magnitude images obtained for (A) TE 
=20 µs, (B) TE =1,200 µs, and (C) complex difference (A − B) (maximum-intensity range decreased by a factor of two to highlight myelin 
signal). (D) Intensity profiles across the three images (delineated as red, green, and yellow lines in A, B, and C, respectively) to show relative 
WM, GM, and background intensity. The most intense signal, present in the short- and long-echo profiles, originates from residual surface 
water. WM and GM are indicated in A, and arrows highlight residual surface water in B. The dark boundary observed at the GM/WM and 
WM/surface water interfaces in both echo images stems from partial voluming of adjacent regions with different T1s resulting in destructive 
interference. From (20), with permission.
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near zero if an appropriate TI had been chosen to invert 
and null long T2 white matter signal. The bright signal 
in Figure 7B shows that an inaccurate TI was chosen. 
This might lead to significant residual signal from water 
protons (even at a TE of 1.2 ms, WML might have decayed 
to some degree, although much less than myelin), but the 
signal change in WML might be even more than that of 
WMS as myelin has a far lower proton density. Therefore, 
the dual-echo subtraction image (Figure 7C) probably 
contains a significant amount of signal from water. BI-
component T2* analysis from IR-UTE imaging with a 
series of TEs would help determine how much water 
contamination was present in their study (or this could be 
done with T2* spectra from an IR-UTE based FID of a 
pure white matter sample).

Validation with healthy volunteer studies

Figure 8 shows 3D IR-UTE-Cones imaging of a 35-year-old 
healthy volunteer using a clinical whole-body 3T scanner 
(MR750, GE Healthcare, Milwaukee, WI, USA) (31). The 
longitudinal magnetization of WML is inverted and nulled 
as evidenced by the near zero signal at a TE of 0.8 ms.  
Subtraction of the TE =0.8 ms image from the 1st one 
provides selective imaging of myelin in white matter, as 
further confirmed by the short T2*s of 0.2–0.3 ms measured 
in white matter, which are close to the T2*s of myelin 
phantoms (Figure 2) and porcine myelin vesicles (Figure 4).

Validation with MS patient studies

Figure 9 shows MP-RAGE, T2-FLAIR, and 3D IR-UTE-
Cones imaging of two representative MS patients (both 
62 years old, one female, one male) (31). Similar to our 
observations in the ex vivo study, myelin signal loss in MS 
lesion regions can be seen on the 3D IR-UTE-Cones 
images in both patients, demonstrating that the 3D IR-
UTE-Cones sequence can directly show myelin loss in 
MS lesions in vivo. Mean T2*s for normal appearing white 
matter (NAWM) in MS patients on subtraction images 
typically are around 0.3 ms, similar to the T2* values of 
myelin in phantoms, myelin vesicles, and healthy volunteers.

Other myelin imaging techniques

Long T2 suppressed UTE imaging of myelin

UTE imaging with long T2 saturation has been proposed 
for myelin imaging in vivo (35). The primary design 
parameter is the time × bandwidth product (TBW), which 
is proportional to the spectral profile sharpness. Simple 
rectangular pulses, single-band pulses and dual-band 
pulses have been investigated. Figure 10 shows brain UTE 
images with and without long-T2 suppression in a healthy 
volunteer. The use of long-T2 suppression pulses reveals 
a short T2 component in white matter that is completely 
obscured without suppression. This component is believed 
to be associated with myelin, as has previously been 

Figure 8 IR-UTE-Cones imaging of a 35-year-old volunteer with TEs of 0.032 (A), 0.2 (B), 0.4 ms (C), 0.8 ms (D), subtraction (E) (A 
minus D), and exponential fitting for a yellow oval ROI in (A), which shows a short T2* of 0.27±0.02 ms (G). This in vivo myelin T2* is very 
close to the T2* of myelin-D2O paste as well as the T2* of intact myelin vesicles, consistent with selective imaging of myelin using the 3D 
IR-UTE-Cones sequence at 3T. Adapted from (31), with permission.
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suggested by its loss in patients with MS (18). Short T2 
tissue components in the falx cerebri (long, thin arrows in 
Figure 10) also have significantly improved visualization 
with long-T2 suppression. A major problem associated 
with long-T2 suppressed UTE imaging of myelin is its 
high sensitivity to both B1 and B0 field inhomogeneities. 
B 1 inhomogenei ty  produces  spat ia l ly  dependent 
long-T2 suppression, leading to significant water signal 
contamination in regions with a lower B1. B0 inhomogeneity 
also reduces the efficiency of long-T2 suppression leading to 
significant water signal contamination. 

ZTE with echo subtraction for myelin imaging

More recently, Weiger et al. employed a novel technique 
called hybrid filling (HYFI) for improved scan efficiency in 
zero echo time (ZTE) imaging with large dead-time gaps, 
for direct imaging of myelin (36). They acquired two HYFI 
datasets with TEs of 15 and 503 µs, respectively. They 
used an extremely high slew rate and gradient amplitude  
(600 mT/m/ms and 200 mT/m respectively). Echo 
subtraction was used to suppress long T2 signals, creating 
high contrast for myelin. Figure 11 shows their in vivo 
myelin images. As demonstrated in their abstract, ZTE/
PETRA type encoding can shorten the effective TE, which 
can be advantageous in imaging myelin protons with very 

short T2*s, especially when combined with an extremely 
high slew rate and high gradient amplitude. However, it 
is very challenging to achieve selective myelin imaging by 
direct subtraction of two UTE images, as the signal from 
long T2 water is far higher than that from myelin in white 
matter of the brain. Imperfect long-T2 suppression may 
lead to significant water contamination, let alone not using 
long-T2 suppression at all as in this study. Dual-echo UTE 
with echo subtraction (with no long-T2 suppression pulses) 
and UTE with long-T2 saturation (which is very sensitive 
to B1 inhomogeneity, and may result in imperfect water 
suppression) both have problems in generating myelin 
selective images. Adiabatic IR-UTE appears to be a better 
approach but the choice of TI is of critical importance, 
as an incorrect choice of TI may lead to significant water 
contamination, as shown in Figure 7. 

Dual echo UTE imaging with complex echo subtraction for 
myelin imaging

In dual-echo IR-UTE imaging of myelin, complex echo 
subtraction may further improve the myelin contrast 
generated by magnitude image subtraction by removing 
the phase error caused by the initial phase offset and phase 
evolution due to field inhomogeneity (37). In contrast 
to magnitude subtraction, complex subtraction is not 

Figure 9 Clinical MP-RAGE (A), T2-FLAIR (B) and 3D IR-UTE-Cones (C) images of a 62yo female MS patient, and MP-RAGE (D), T2-
FLAIR (E), and 3D IR-UTE-Cones (F) images of a 62 yo male MS patient. MS lesions are highlighted with orange ovals. Myelin loss is 
depicted on the subtracted 3D IR-UTE-Cones images (C and F) with high contrast. Adapted from (31), with permission.
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affected by the initial phase of the myelin and white matter 
signals. Complex subtraction requires one additional step 
to correct for the phase offset, ϕ, which can be caused by 
phase evolution during the RF pulse or data acquisition, 
as well as by imperfect image reconstruction (38), and a 
second step to correct for the phase error induced by B0 field 
inhomogeneity. Figure 12 shows 3D IR-UTE-Cones imaging 
of a 29-year-old volunteer using magnitude and complex 
subtraction, respectively, with the latter providing improved 
contrast and better detection of fine myelin structures.

Dual Echo Sliding Inversion REcovery (DESIRE) UTE 
imaging of myelin

T1 values of WML/GML may vary in different WM/
GM regions of the brain in the same person and between 
subjects. T1 variations in different regions of the same 
subject and errors in T1 measurement both lead to imperfect 
nulling of WML and/or GML if a single value of TI is used 
for the whole brain. DESIRE-UTE can be used to address 
this problem and obtain accurate and robust long-T2 
suppression by obtaining a range of TIs for each voxel and 
using the one that best nulls long-T2 signals (Figure 13) 
(34,39). The key components are: First, a sufficient number 
of continuous image spokes is used to cover a wide range 
of TIs including all potential nulling points for WML with 
its different T1s; Second, each group of spokes needs to 

cover k-space uniformly with random gradient encoding; 
Third, dual echo images need to be acquired with each 
single spoke to allow image subtraction; Fourth, advanced 
image reconstruction techniques such as parallel imaging 
and/or compressed sensing (CS) are necessary to reduce 
undersampling artifacts (40). For each pixel in the brain, 
the best TI for nulling is the one which results in the lowest 
signal on the 2nd echo image.

Figure 14 shows 3D DESIRE-UTE imaging of a  
44-year-old volunteer. Data corresponding to 71 equally 
spaced TIs are collected per IR. A sliding window 
reconstruction scheme shown in Figure 13 is employed to 
generate images with a broad range of potential nulling 
points to suppress WML and GML with their different T1s. 
Volumetric myelin imaging can be achieved in WM (nulling 
of WML) and in GM (nulling of GML), respectively. From 
Ref. 33, with permission.

Figure 15 shows MP-RAGE, T2-FLAIR, and DESIRE 
UTE imaging of a 45-year-old patient. DESIRE UTE provides 
more efficient water suppression, especially for regions with 
varying T1s due to pathology, thus providing robust imaging 
of myelin. Lesions are depicted with excellent contrast. The 
normalized DESIRE signal is 0.76±0.11 for NAWM and 
0.19±0.10 for MS lesions consistent with significant myelin 
loss. Myelin density maps can be generated by comparing the 
DESIRE UTE signal with that of a phantom, after correction 
for T1, T2* and coil sensitivity effects.

Figure 10 UTE Brain images with and without long-T2 suppression. (A) Unsuppressed image. (B) 16-ms rectangular suppression pulse. 
(C) 40-ms TBW =2.4 single-band suppression pulse. With the suppression pulses, short-T2 components in the white matter, probably from 
myelin are visible (as is the falx cerebri, long, thin arrows). The rectangular pulse suppression in (B) is variable across the slice (shorter, wider 
arrows), while the single-band pulse produces more consistent suppression in (C). From (35), with permission.
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Figure 11 In vivo imaging of the ultrashort T2 components in the human brain. Selected views from a 3D isotropic data set are shown. 
Images at the shortest TE of 15 µs show little WM-GW contrast (Protocol 4). Increasing TE leads to reduced signal in WM (Protocol 5). 
Subtraction of the 2nd from the 1st data set largely removes the long-T2 signal, showing predominantly ultrashort T2 components with clear 
WM-GW contrast (subtraction column). From (36), with permission.

Protocol 4
TE 15 μs

Protocol 5
TE 503 μs Subtraction

UTE magnetization transfer (UTE-MT) imaging of 
myelin

The combination of UTE and magnetization transfer 
(UTE-MT) has also been proposed for myelin imaging and 
quantification (41). In a recent study by Guglielmetti et al., 

UTE-MT data with an ultrashort TE of 76 µs and short TE 
MT (STE-MT) data with a longer TE of 3 ms were used 
to evaluate spatial and temporal changes in brain myelin 
content in a cuprizone mouse model of MS on a clinical 
7T scanner. Both UTE-MT ratio (UTE-MTR) and STE-
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Figure 12 3D IR-UTE-Cones imaging of a 29-year-old volunteer using magnitude (A) and complex (B) subtraction, and the field map (C). 
The complex subtraction provides improved myelin detection, especially for fine structures and in regions with strong off-resonance effects 
(arrows). Adapted from (37), with permission.

Figure 13 DESIRE contrast mechanism: a series of dual echo UTE spokes are acquired after each IR, a sliding window reconstruction 
is employed to generate one image per spoke, with up to 71 images, each of which has a different TI. The longitudinal magnetizations of 
WML can be nulled with an appropriate TI for each voxel, thus allowing robust selective imaging of myelin in WM of the whole brain in 
different subjects in spite of differences in T1 of WML.
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MT ratio (STE-MTR) values were significantly decreased 
in most white matter and gray matter regions during 
demyelination. However, only UTE-MTR detected cortical 
changes. UTE-MTR values remained lower than baseline 
values after remyelination in subcortical and cortical areas. 
Those results show that UTE-MT, but not STE-MT, 
detects long-lasting changes following a demyelinating 
event. UTE-MTR also shows much stronger correlation (R2 
=0.71) than STE-MTR (R2 =0.48) with percent coverage of 
myelin basic protein immunostaining. No correlation was 

observed between UTE-MTR or STE-MTR and gliosis 
immunostaining. Those results suggest that UTE-MT 
methods may provide non-invasive longitudinal monitoring 
of demyelinated lesions, not only during disease progression 
but also in response to remyelinating therapies (41).

Challenges in direct UTE MR imaging of myelin

While extensive validation studies have been performed 
on direct MRI of myelin (21-28), there is ongoing debate 
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Figure 14 DESIRE-UTE imaging and echo-subtraction at the TIs close to the long T2 nulling point. (A) Five out of 71 DESIRE 
reconstructed sequential sets of 3D IR-UTE-Cones images of the brain in a 44-year-old volunteer with a TR of 1 s, TEs of 0.03 ms (A) and 
2.2 ms (B), the corresponding subtraction images (C), and the signal intensity vs. sliding window reconstructed images for an ROI in WM (A). 
Selective myelin imaging is achieved when the 2nd echo shows a null value for WML (arrow in D). From (34), with permission.
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regarding the signal sources in UTE imaging of myelin. 
A major critique is the measured T2* of ~0.3 ms, which is 
much longer than the T2* of ~0.05 ms measured with high 
performance NMR spectrometers (17,19,20). Broad line 
proton spectroscopy studies have shown that myelin is in 
a liquid-crystalline state (17). Multi-component fitting 
of spin echo (SE) decays of fixed human white matter 
samples has shown extremely short T2 values of ~50 µs 
for myelin protons (42). NMR spectrometer studies have 
found ultrashort T2 signals (50 µs < T2 <1 ms) in myelinated  
nerve (19), and a wide distribution of T2* values ranging 
from 8 µs to 26 ms in the spinal cord (20). UTE sequences 
on clinical MR scanners are unlikely to detect the ~50 µs 
component of myelin, but can be expected to detect the 
longer T2* components. Another possibility is that myelin 
has a bilayer structure and methylene protons on myelin 
lipids may be subject to the magic angle effect between the 
bilayers and the magnetic field, leading to the longer T2* 
measured with UTE sequences on clinical systems. More 
research is still needed to explain the T2* values measured 
with IR-UTE sequences on clinical MR scanners.

Another major critique is about the well-defined 
edges on echo subtracted IR-UTE images, which appear 
inconsistent with the fact that myelin has an extremely 
short T2* and should therefore be subject to severe blurring. 
However, echo subtracted IR-UTE images typically 
display sharp edges as shown in Figures 5,6,8,9,12,14,15. 
This obvious contradiction can be explained by the 
contrast mechanism described in Figure 1. Briefly, in 
dual-echo IR-UTE imaging the gray matter region has 
a positive longitudinal magnetization for myelin but 

negative longitudinal magnetization for GML, leading to 
signal cancellation in the initial image. However, no such 
magnetization cancellation exists in the 2nd echo image due 
to the fast signal decay in myelin. Meanwhile, white matter 
has only a positive longitudinal magnetization of myelin in 
the 1st image (assuming WML is well suppressed) and pure 
noise in the 2nd echo image. As a result, echo subtraction 
leads to positive myelin signal in white matter but negative 
signal in gray matter, creating very high contrast on echo-
subtracted IR-UTE images. The end result is an apparently 
sharp boundary between myelin in white matter and gray 
matter, although the myelin signal is subject to significant 
blurring due to the use of a relatively long sampling window 
compared to its ultrashort T2*.

Recently Harkins and Does conducted a feasibility study 
on in vivo myelin imaging using adiabatic inversion recovery 
(AIR) to null signal of a single T1, or multiple adiabatic 
inversion recovery (MAIR) to null signal over a range of 
T1s (43). They found that AIR-UTE showed contrast in 
white matter, while MAIR-UTE showed no signal but 
pure noise in white matter of the brain in vivo, as shown in 
Figure 16. The AIR image shows signal in various locations, 
including white matter regions, the skull bone, and fat 
around the skull. The MAIR image also shows relatively 
large signals from bone and fat, but no signal from white 
matter regions. They concluded that the AIR-UTE white 
matter signals were unsuppressed water signals and that the 
proton signals of myelin decayed too quickly to be observed 
by UTE MRI (43). A major problem with this study is 
the lack of recognition of signal cancellation between 
uninverted myelin longitudinal magnetization and inverted 

Figure 15 A 45-year-old MS patient imaged with MP-RAGE (A), T2-FLAIR (B) and 3D IR DESIRE UTE (C) sequences. MS lesions 
labeled with ellipses on the MP-RAGE and T2-FLAIR images are shown as signal voids on DESIRE images, corresponding to myelin loss. 
From (34), with permission.
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water longitudinal magnetization in both white and gray 
matter. Imperfect combinations of TR and TI may lead 
to water-myelin cancellation and so no detectable signal. 
More research is still needed to understand the factors 
contributing to the absence of signal from white matter in 
MAIR imaging. 

Another challenge is to improve the imaging of myelin in 
gray matter, as gray matter has a much lower myelin content 
than white matter. The lower water content of white matter 
(72%) compared to gray matter (82%) is largely due to 
the higher myelin content of white matter (44). UTE bi-
component analysis of native ovine white matter suggests 
that only ~8% of the total UTE signal has a short T2* of 
~0.3 ms (27). The very low myelin signal fraction arises 
from the fact that myelin density is low in white matter, 
and its T2* is extremely short. This leads to low efficiency 
in exciting myelin magnetization, and significant blurring 
during UTE data acquisition especially using clinical 
whole-body scanners with their relatively low slew rates and 
gradient strength. The myelin signal fraction is much lower 
in gray matter than white matter. Therefore, there is more 
need for efficient long-T2 suppression using more advanced 
imaging techniques such as DESIRE. A more recently 
developed technique called Short Tr Adiabatic Inversion 
Recovery (STAIR) (45,46) suppresses signals with a broad 
range of T1s using a short TR with IR-UTE imaging. The 
STAIR-UTE technique may allow more robust imaging of 
myelin in both white and gray matter. The ultrahigh slew 
rate and gradient amplitude used in the Weiger study is also 
likely to help improve the sensitivity in IR-UTE imaging of 
myelin in vivo (36).

Water contamination is by far the most challenging 
problem in direct imaging of myelin on clinical MR 
scanners. As mentioned earlier, the spatial saturation based 
approach (35) or simple echo subtraction (36) may be subject 
to significant water contamination. Dual echo IR-UTE 
imaging followed by echo subtraction provides selective 
myelin imaging, on the condition that an appropriate 
TI is selected to invert and null WML. An inaccurate TI 
leads to significant water signal contamination (20). Even 
a slightly longer or shorter TI than the optimum one for 
nulling may lead to significant water signal contamination, 
especially considering the much lower proton density and 
much shorter T2* of myelin relative to water. Imperfect 
nulling compromises the specificity and accuracy of myelin 
imaging. Further, the optimal nulling point (TInull) for WML 
may be difficult to determine. The T1 of normal WML 
varies in different brain regions and between individuals 
(47,48). A wide range of T1 values have been reported 
(690–1,100 ms) for WM at 3T (49,50). Moreover, the T1 
of WML may change with disease involving white matter. 
T1 measurement is also time-consuming, which is another 
limitation in clinical applications. As a result, the dual-echo 
IR-UTE with echo subtraction technique will fail in those 
cases, leading to significant water signal contamination 
and thus errors in myelin quantification. Myelin water is 
another potential contaminator since a variety of recent 
studies have demonstrated that myelin water has a relatively 
short T2 (~10–50 ms) and T2* (~3–10 ms) when compared 
to the longer T2 components in white matter (51-53). The 
DESIRE-UTE technique deals with these challenges by 
generating a series of TIs (34), to provide an optimal single 

UTE AIR MAIR

Figure 16 UTE, AIR, and MAIR brain images acquired from a healthy volunteer. AIR and MAIR images both contain ultrashort T2 signals 
in the skull and elements of the RF coil. The low intensity signals within white matter regions of the brain are present in the AIR image but 
absent in MAIR image, and, therefore, do not appear to originate from myelin. From (42), with permission.
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TI for nulling WML in each voxel and thus nulling of WML 
throughout the brain irrespective of its T1. STAIR-UTE 
uses a shorter TR to increase the efficiency of suppressing 
long T2 components with a broad range of T1s. The 
advantages of direct myelin imaging over myelin water 
imaging remain to be investigated. More research is needed 
in this area.

Finally, it is important to note that remyelination-
enhancing therapies for MS patients are being developed (54). 
Preclinical research has identified multiple targets affecting 
remyelination in animal models of MS (55-58). Early stage 
human clinical trials of drugs affecting myelination have 
started, including Natalizumab (NCT01416181), Fingolimod 
(NCT00731692) ,  Alemtuzumab (NCT01307332, 
NCT01395316), LINGO-1 (NCT01244139) and rHIgM22 
(NCT01803867). However, the lack of a robust biomarker 
to monitor the effectiveness of these drugs in enhancing 
remyelination highlights the importance of developing 
direct imaging of myelin using UTE or similar sequences on 
clinical whole-body MR systems.

Conclusions

A series of studies have demonstrated that myelin is 
detectable and can be imaged with UTE type sequences 
using clinical whole-body scanners. Myelin in white 
matter of the brain can be selectively imaged with the 
IR-UTE sequence, where an adiabatic inversion pulse is 
used to invert and null signals from WML, the longer T2 
components in white matter. The residual longer T2 signal 
from GML can be suppressed via dual echo acquisition and 
echo subtraction. More recently developed techniques, 
such as the DESIRE UTE and STAIR-UTE are expected 
to provide more robust morphological imaging of myelin, 
although quantitative myelin density mapping remains to be 
established.
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